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Abstract 
 
The overall battery research of the Impact and Crashworthiness Laboratory (ICL) at MIT 
has been focused on understanding the battery’s mechanical properties so that individual 
battery cells and battery packs can be characterized during crash events.  
The objective of this research is to better understand the battery component (electrode 
and separator) properties under different loading conditions.  In this work, over 200 tests 
were conducted on battery components.  These tests include uniaxial stress, biaxial 
punch, multilayer, single layer, short-circuit testing, wet vs dry specimen testing, strain 
rate testing, and more. Additionally, a scanning electron microscope was used to view the 
battery components at a micro level for the purpose of better understanding the 
aforementioned test results.   
During these tests, it was observed that many of the electrodes in the Li-ion batteries are 
damaged during the battery manufacturing process.  Also, the two methods of 
manufacturing battery separator were analyzed and their resulting mechanical properties 
were characterized. 
These results will be used to further refine and validate a high-level, robust, and accurate 
computational tool to predict strength, energy absorption, and the onset of electric short 
circuit of batteries under real-world crash loading situations. The cell deformation models 
will then be applied to the battery stack and beyond, thereby enabling rationalization of 
greater optimization of the battery pack/vehicle combination with respect to tolerance of 
battery crush intrusion behavior. Besides improving crash performance, the finite element 
models contribute substantially to the reduction of the cost of prototyping and shorten the 
development cycle of new electric vehicles.  
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1.0 Introduction 
 
Recent developments in lithium-ion battery technology are enabling the rapid expansion 
of the electric car market.  Still, barriers remain before electric cars can be brought to 
mass production. The most important of these obstacles are related to cost, weight, and 
safety. Most of the current research and developments deal with controlling the 
environment surrounding the battery.  These efforts look at controlling the voltage 
discharge rate of the battery by using electronic controls, cooling the area around the 
battery to prevent overheating, and adding a large metal case to protect the battery from 
foreign object intrusion. The research of the Impact and Crashworthiness Laboratory 
(ICL) at MIT focuses on understanding the battery’s mechanical properties so that 
individual battery cells and battery packs can be characterized during crash events 
(Wierzbicki and Sahraei 2013). 
The objective of this research is to better understand the battery component (electrode 
and separator) properties under different loading conditions so that high-level, robust, and 
accurate computational tools can be developed in order to predict strength, energy 
absorption, and the onset of electric short circuit of batteries under real-world crash 
loading situations. These cell deformation models will then be applied to the battery stack 
and beyond, thereby enabling rationalization of greater optimization of the battery 
pack/vehicle combination with respect to tolerance of battery crush intrusion behavior.   
2.0 Background 
This work on Li-ion batteries is not the first to come out of the ICL, nor will it be the last.  
The following sections describe the previous work that has done at the ICL on batteries, 
as well as the goals of the current research. 
2.1 Review of Previous ICL Battery Research  
The ICL started research on Li-ion batteries in 2010 and is expected to continue until at 
least 2016.  The work first started when it was realized that Li-ion battery manufacturers 
were using the design-build-test method for developing their technology, while most 
other areas of manufacturing were moving on to the finite element modelling method.  
The benefits of using a finite element model method for the development of Li-ion 
batteries included the cost savings, environmental saving, and time savings (Hill 2011). 
 
In the first years, a representative volume element (RVE) of a Li-ion battery was 
developed by using testing results conducted on multiple small prismatic and pouch cells.  
The RVE model treated the battery as a homogenized solid rather than multiple layers of 
cathode, anode, and separator in order to reduce the computing power needed to run a 
simulation of the model.  Initial results between the RVE model and physical test results 
showed good correlation (Sahraei, Hill and Wierzbicki 2010). 
 
In the subsequent years, the RVE model was further refined by conducting lateral 
compression, and three point bending for cylindrical cells and indentation tests for 
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prismatic pouch cells.  From these tests, the model was then made robust enough to be 
able to predict the point of short circuit following impact or indentation (Campbell 2012). 
 
In the third year, further indentation tests were conducted on prismatic pouch cells.  The 
third year tests studied the effects of changing the indenter shape as well as varying the 
battery’s state of charge.  Additionally, the third year of research led to the development 
of an initial testing program on the individual battery component layers (Meier 2013). 
2.2 Goals of Current ICL Battery Research 
The goals of the current research in the ICL deal with the further development and 
execution of an individual battery component testing program along with concurrent 
refinement of the FEM at the battery component, cell, module, and pack levels.  On 
January 1
st
 2014 the ICL began a 3 year research project with partners from industry in 
which the main deliverable from the ICL will be a calibrated and validated computational 
model in LS-Dyna and/or ABAQUS commercial software.  These models will allow 
industry partners to optimize their individual battery designs and protective structures for 
maximized mechanical integrity against short circuit due to impact (Wierzbicki and 
Sahraei 2013). 
3.0 Testing Procedure and Results  
Testing on components from two different types of Li-ion batteries were conducted in 
this work.  The following sections describe the equipment, preparation, and results from 
those tests.  After the battery component descriptions, the uniaxial tension tests results are 
described first, followed by the biaxial punch tests, and finally the scanning electron 
microscope (SEM) results. 
3.1 Lithium Ion Battery Specimen Type Overview 
When put under extreme loading conditions, lithium ion batteries tend to exhibit large 
energy discharges which can result in fire and the rapid release of toxic gases (Meier 
2013).  This energy discharge event is shocking to behold and, could be easily used to 
damage a battery manufacturer’s reputation if taken out of context.  Therefore, the battery 
manufactures that have donated their battery material to the ICL have asked to remain 
anonymous.  As such, the two brands of batteries used for testing in this study will be 
referred to as battery type A and battery type B.  
 
Both types of battery components were obtained by the ICL in their dry, electrolyte-free 
state in order to prevent the discharge of any toxic gases that are usually associated with 
the burning of electrolyte.  Most of the tests in this study were done on components in 
their dry state, but the differences in mechanical properties of battery components in their 
wet versus dry states is investigated in Section 3.3.6 
3.2 Battery Component Uniaxial Tensile Tests 
Uniaxial tensile tests were conducted on type B battery only.  The uniaxial tests 




First, testing was completed on each single layer of battery component.  This test was 
done both in the machine and transverse direction of the component.  Second, multilayer 
tests consisting of two separator, one anode, and one cathode components was conducted 
to better understand the interactions between layers.  The multilayer test was also 
completed in the machine and transverse direction.  Finally, variable displacement rate 
speeds were used on the separator material in order to quantify the effects of strain rate. 
3.2.1 Uniaxial Tensile Testing Procedure 
The uniaxial tensile battery component testing conducted at the ICL was completed using 
the Instron Test Machine Model 5944, shown in Figure 1.  For uniaxial testing purposes, 
the machine is outfitted with a 100N load cell and two 2kN pneumatic grips.  The grips 
were fitted with a 25x32mm rubber face that was able to properly secure the battery 
component specimens without slipping or ripping.  
 
Figure 1 ICL Instron 5944 with Uniaxial Tension Grips 
 
From previous work on uniaxial tensile testing of battery components, it was found that 
the best specimen preparation procedure was to use a dogbone specimen with a parallel 
length (Lp) of 10 template made out of 1.5 mm aluminum sheet (Meier 2013). The 




Figure 2 Uniaxial Testing Dogbone Specimen Specifications 
 
Once the template was made from a waterjet cutting machine, precisely dimensioned 
battery component specimens could be rapidly created by using an X-ACTO knife.  
These specimens were then carefully placed into the pneumatic grips of the Instron 
machine and lightly tensioned to approximately 0.3 N for testing. 
 
The Bluehill®3 software package that was included with the Instron machine is used to 
measure the force seen by the pneumatic grips as well as the overall displacement during 
testing.  The stress of the specimens could be calculated by dividing the force seen by the 
grips by the cross sectional area of the parallel midbody section of the dog bone. 
 
To calculate the strain seen within the specimen, a digital image correlation (DIC) 
software package called Vic-Snap® and Vic-2D® was used.  This software requires the 
dog bone specimens to be first lightly speckled with a spray paint solution before being 
placed in the testing machine.  An Imaging Retiga 1300i digital camera was used to take 
photographs of the specimen at one second intervals as it was pulled apart by the 
pneumatic grips.  The software internally tracks the distance between the speckled dots of 
the spray paint and can determine the strain seen at every location on the specimen.  
Figure 3 shows an example of how the software tracks the strain within a specimen of 




Figure 3 Digital Image Correlation (DIC) Photo of Separator (Meier 2013) 
 
The stress and strain obtained from the two different methods mentioned above could 
then be combined onto one graph for material property characterization. 
3.2.2 Uniaxial Single Layer Tests 
3.2.2.1 Aluminum Cathode 
After ten aluminum cathode specimens were prepared for uniaxial tension testing as 
described in section 3.2.1, uniaxial tension tests were conducted in both the machine and 
transverse directions of battery type B.  These tests were conducted in order to ensure 
repeatability of the testing method, as well as to acquire data for production of a 
stress/strain curve. All of the tests were conducted at a cross head speed of 0.2 mm/min.  
The results of the tests in the machine direction are shown in Figure 4 and the transverse 





Figure 4 Force vs Displacement Al Cathode (MD) 
 
 
Figure 5 Force vs Displacement Al Cathode (TD) 
 
As seen in the above figures, the breaking strength of the Al cathode is almost the same 
in the transverse and machine direction.  In both directions the specimens break at a force 
of 15 N and displacements of 0.13-0.15 mm.  The tests showed good repeatability 












































Next a representative specimen was chosen from each set of tests for the development of 
a stress/strain curve. DIC data was processed as described in section 3.2.1 to acquire the 
strain of the material, and the cross section of the specimen was measured to acquire the 
stress seen within the material. The stress and strain for each direction of testing were 
then placed on a single graph as shown Figure 6 and Figure 7. 
 
Figure 6 Stress vs Strain Al Cathode (MD) 
 
 
Figure 7 Stress vs Strain Al Cathode (TD) 
 
As seen in the above figures, there was quite a bit of noise in the DIC processing of these 
tests.  The author believes this to be due to the fact that the coating of the cathode was not 
moving in the same manner as the underlying aluminum foil during the testing.  The 
author also noticed that the LiCoO2 coating of the aluminum foil was much easier to 
remove from the aluminum foil than the carbon coating of the copper foil.  This could 
also play into the noise factor of the DIC.  However, the general shape of the stress strain 
curve could still be determined from these tests and will be used in future work for the 























Stress vs Strain 






















Stress vs Strain 
Al Cathode (TD) 
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3.2.2.2  Copper Anode 
Next ten copper anode specimens were prepared for uniaxial tension testing as described 
in section 3.2.1, uniaxial tension tests were conducted in both the machine and transverse 
directions of battery type B.  As with the Al cathode, this many tests were needed in 
order to ensure repeatability of the testing method, as well as to acquire data for the 
development of a stress/strain curve for the copper anode. To ensure comparability with 
the Al cathode tests, the Cu anode tests were also conducted at 0.2 mm/min. The results 
of the tests in the machine direction are shown in Figure 8 and the transverse direction 
results are shown in Figure 9. 
 
 











































Force vs Displacement Cu Anode (TD) 
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As seen in the above figures, the Cu anode has similar breaking strength and 
displacement in both the machine and transverse direction.  It also has a slightly lower 
breaking strength than the Al cathode, but its breaking displacement is almost 6 times 
higher.  Also of note from these tests is that the variability in breaking displacement is 
higher than with the Al cathode.  Further discussion on the increased breaking 
displacement variability of the Cu anode is located in section 3.4 of this report. 
 
After the Cu anode uniaxial tension tests were completed, a representative specimen was 
chosen from each set of tests for the development of a stress/strain curve. The DIC data 
that was collected during the test was processed as described in section 3.2.1 to acquire 
the strain of the material, and the cross section of the specimen was measured to acquire 
the stress seen within the material. The stress and strain for each direction of testing were 
then placed on a single graph as shown Figure 6 and Figure 7. 
 
 























Stress vs Strain 























Stress vs Strain 




As seen in the above figures, there was some noise associated with the DIC image 
processing of these tests, especially in the MD.  The author believes this to be due to the 
fact that the coating of the cathode was not moving in the same manner as the underlying 
copper foil during the testing. However, the general shape of the stress strain curve could 
still be determined from these tests and will be used in future work for the validation of a 




For the type B separator material uniaxial tension tests, specimens were prepared as 
described in section 3.2.1.  Ten uniaxial tension tests were conducted in both the machine 
and transverse directions.  Previous research on uniaxial tension tests of type A battery 
separator led the author to believe that the type B separator would be highly anisotropic 
(Meier 2013). However, as seen in Figure 12 and Figure 13, the separator material of 
battery type B is much less anisotropic than type A separator was shown to be. 
 
It should be noted here that the MD tests were conducted at 4 mm/min and the TD tests 
were conducted at 6 mm/min.  The effects of varying the strain rate on this separator 
material are discussed in section 3.2.3, but the differences are such that the results from a 
tests conducted at 4 mm/min can be compared with the results from a test run at 6 
mm/min with minimal error. 
 
 


























Figure 13 Force vs Displacement Separator (TD) 
 
As seen in the above figures, this separator material is slightly anisotropic.  The average 
breaking resistance seen by the Instron machine is 15 N in the MD and 13 N in the TD.  
The average breaking displacement for the separator was 19 mm in the MD and 33 mm in 
the TD.  These results led the author to believe that the type B separator material was 
manufactured in a different method than the type A separator material.  
 
Currently, Li-ion battery separator materials are manufactured by using either a wet or 
dry process (Jeon and Kim 2007).  The wet process consists of mixing a polymer film 
with an additive and extruding it through a sheet die.  The additives are then removed to 
allow for a porous structure (Gwon, Choi and Sohn 2009).  The dry process consists of 
creating a sheet of polymer film and stretching it in one direction create small pores. This 
is known as the “crazing” process (Zhang, Ervin and Xu 2004).  
 
The wet separator manufacturing process is known to allow for more charging cycles and 
better mechanical properties, while the dry manufacturing process is known to be able to 
produce a battery with a higher power density (Jeon and Kim 2007). From the uniaxial 
testing results shown above, the author hypothesized that the type A battery was 
manufactured using a dry process, while the type B battery was manufactured using a wet 
process.  Further discussion on the types of manufacturing processes used in each type of 
battery separator can be read in section 3.4 
 
After the separator uniaxial tension tests were completed, a representative specimen was 
chosen from each set of tests for the development of a stress/strain curve. The DIC data 
that was collected during the test was processed as described in section 3.2.1 to acquire 
the strain of the material and the cross section of the specimen was measured to acquire 
the stress seen within the material. The stress and strain for each direction of testing were 






























Figure 15 Stress vs Strain Separator (TD) 
 
As seen in the above figures, there was less noise in the DIC data associated with the 
separator tests than with either the Cu anode or Al cathode.  The only trouble that the 
author encountered during this section of the data processing was that the separator 
stretched so far during the test that it would sometimes move itself out from the field of 
view of the DIC camera.  After a few iterations, the solution was found by widening the 
field of view of the camera so that it could capture the stretched separator specimen, but 
not too far as to blur the speckled dots of the spray paint on the specimen.  These stress 
strain curves will be used in future work for the validation of the FEM for the separator. 
3.2.3 Uniaxial Strain Rate Effects on Separator Material 
The next step in the uniaxial component testing was to understand the effects of strain 




















































underwent uniaxial strain tests at speed from 4 mm/min to 1000 mm/min in both the MD 
and TD.  In Figure 16 and Figure 17 a representative specimen from each testing speed 
was chosen and placed on the same force versus displacement plot. 
 
 
Figure 16 Force vs Displacement Separator (MD) Variable Strain Rates 
 
 
Figure 17 Force vs Displacement Separator (TD) Variable Strain Rates 
 
As seen in the above figures, as the speed of the test increases, the breaking displacement 
of the separator drastically decreases.  In the MD, the breaking displacement of the 
separator goes from 25 mm for the 4 mm/min test to only 4 mm for the 1000 mm/min 
test.  In the TD, the breaking displacement goes from 32 mm for the 4 mm/min test to 
only 9 mm for the 1000 mm/min test.  The breaking resistance force did not change 
significantly as the speed of the test changed in either the MD or TD.  It should be noted 
here that the Bluehill® software measures the force and displacement of the test at 0.2 
second intervals, therefore the breaking resistance and displacement of the 1000 mm/min 
test should not be used for anything other than to compare with the slower tests because 
the test traveled over 3 mm between measurements.  This is also why the 1000 mm/min 















Force vs Displacement Separator 




















Force vs Displacement Separator 









After the separator uniaxial tension tests with variable strain rates were completed, a 
representative specimen was chosen from each set of tests for the development of a 
stress/strain curve. The DIC data that was collected during the test was processed as 
described in section 3.2.1 to acquire the strain of the material, and the cross section of the 
specimen was measured to acquire the stress seen within the material. The stress and 
strain for each direction of testing for the 4 mm/min and 10 mm/min tests were then 




Figure 18 Stress vs Strain Separator (MD) Variable Strain Rates 
 
 
Figure 19 Stress vs Strain Separator (MD) Variable Strain Rates 
 
As seen in the above figures, when the test is run at a faster rate, the stress for a given 
strain value is higher for the separator material.  Further work in this area should focus on 
optimizing the exposure time of the camera for the speed of the test.  The author believes 
that, during the faster tests the camera exposure time was too long, and therefore was 
unable to capture the exact location of the paint speckles.  This made the DIC data for the 
faster tests unusable for this work. These stress strain curves will be used in future work 






















Stress vs Strain Separator (MD) 
























Stress vs Strain Separator (TD) 






3.2.4 Uniaxial Multilayer Tests 
The final type of uniaxial stress test conducted in this study involved stacking the anode, 
cathode and 2 layers of separator material as shown in Figure 20.  The order of stacking 
was, from front to rear, Al cathode, separator, Cu anode, and separator.  This test was 
conducted to help further refine the homogenized FEM that was developed in earlier 
studies. The tests were conducted at 5 mm/min in both the MD and TD, and the results 
are displayed in Figure 21 and Figure 22. 
 
 
















Figure 21 Force vs Displacement 4 Layer (MD) 
 
 
Figure 22 Force vs Displacement 4 Layer (TD) 
 
As shown in the figures above, during the multilayer tests the Al cathode breaks first at 
0.15 mm, followed by the Cu anode at 0.6 mm, and finally the 2 layers of separator break 
last.  There seemed to be very little interaction between the layers during the test, and 
therefore the results of the multilayer tests are similar to what one would see if a 
summation of the individual component tests was plotted.  These results will be used for 
further development of the homogenized FEM for Li-ion batteries at the ICL. 
3.3 Battery Component Biaxial Punch Tests 
To further understand the mechanical properties of each battery component, biaxial 
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the procedure for biaxial punch testing of battery components, errors that may occur 
while testing, and the actual test results from this study. 
3.3.1 Biaxial Testing Procedure 
A mount was developed by Xiaowei Zhang of the ICL for biaxial punch testing of thin 
specimens with the Instron Test Machine Model 5944.  I 3d model image of the mount is 
shown in Figure 23.   
 
Figure 23 Biaxial Testing Mount 
 
The mount made to be placed is a hollow box made out of steel with a 29 mm diameter 
hole in the top to allow for punch penetration through the specimen. A circular groove 
along the outside of the hole was designed specifically to help the mount to with 
specimen holding. Six machine drilled holes are equally spaced along the outside of the 
groove into which the mount head could be drilled into for securement of the specimens. 
A picture of the Instron test machine with the biaxial punch test mounting device 
installed is shown in Figure 24. 
 
 
Figure 24 Instron 5944 Machine with Biaxial Punch Setup 
 
For all biaxial tests conducted in this study a smooth spherical steel punch was used.  The 




As was the case in the uniaxial test specimens, the biaxial test specimens were cut out 
using an X-acto® knife.  The cutting template was a circle of diameter 32 mm that was 
chosen so that the specimens would fit properly into the mount. 
 
The six nuts located on the mount used for biaxial punch test were hand tightened using 
American Society of Mechanical Engineers (ASME) recommended tightening procedure 
(ASME 2001).  After multiple tests, it was found that the proper tightening of these very 
thin battery component specimens was somewhat difficult.  The results of either over 
tightening or under tightening the specimens are discussed in the following section. 
3.3.2 Possible Biaxial Testing Errors 
As mentioned in the previous section, the author encountered difficulties in the mounting 
procedure of the biaxial tests that were conducted in this work.  The first difficulty was 
the error of over tightening of the specimen.  As shown in Figure 25, over tightening the 
specimen resulted in a loss of the peak force resistance that is seen in specimens that are 
correctly tightened in the mount.   
 
 
Figure 25 Biaxial Testing Error 1 
 
This loss of peak force resistance due to over tightening can be explained by the 
associated rips found on the specimens along the edge of the mounting hole.  As seen in 
Figure 26, an over tightened specimen begins ripping along the edge of the mounting 




























Figure 26 Specimen that was Over Tightened (left) and Specimen Undergoing Normal Failure (right) 
 
The second error that the author encountered during the mounting of biaxial punch 
testing was the issue of under tightening.  As seen in Figure 27, under tightening of the 
specimen is associated with the sudden loss of force resistance to the punch.  Unlike the 
over tightened specimen, here there is no gradual loss of force but rather an instant loss of 
force resistance by the specimen.  This is followed by the return of the force resistance 
for a short period and then a final break of the specimen. 
 
 
Figure 27 Biaxial Testing Error 2 
 
In order to better understand what is physically happening in the under tightened 
specimen, photos were taken during the test. The photos show that when the under 
tightened specimen has been brought to its first loss of force resistance, the specimen 
slips from its mounting and wrinkles as shown in Figure 28.  The author hypothesizes 
that once the wrinkles are formed, the effective thickness of the specimen in the mount 
thickens, thereby retightening the specimen and regaining its ability to resist the force of 
the punch.  However, it is folded on top of itself and damaged, so is no longer able to 
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Figure 28 Specimen Experiencing Slippage (left) and Specimen Undergoing Normal Deformation 
(right) 
 
Once these testing errors were better understood by the author, he could then understand 
when his tests results were accurate or not.  These errors were also noted so that other 
members of the ICL could better understand how to interpret their testing results if they 
didn’t get the output they were expecting.  
3.3.3 Biaxial Single Layer Tests 
The biaxial testing began with each component type from batteries A and B.  The results 
are presented below, and are organized such that the results from battery type A and then 
B are shown from a single component before moving on to the next component. 
 
3.3.3.1 Al Cathode 
The biaxial testing began with the Al cathode of battery types A and B.  Five specimens 
were tested from each battery type in order to ensure repeatability of the testing 
procedure. Figure 29 and Figure 30 below display the force vs. punch travel for each of 
the battery types.   
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Figure 30 Force vs Punch Travel Al Cathode Type B 
 
As seen in the above figures, the  average Al cathode from battery type A breaks at 12.5 
N and 1.4 mm while the Al cathode from battery type B breaks at 14 N and 1.6 mm.  It 
should be noted that this small difference in breaking strength could be attributed to the 
fact that the type A cathode is slightly thinner than the type B, but there are too many 
unknowns in the manufacturing process of each type to directly attribute the increased 
strength to the increased thickness. 
 
3.3.3.2 Cu Anode 
Next, the Cu Anode from battery type A and B were testing in the biaxial punch fixture.  
Five specimens of each type were tested to ensure repeatability of the testing method for 
this material.  Figure 31 and Figure 32 show the test results. 
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Figure 32  Force vs Punch Travel Cu Anode Type B 
 
As seen in the above figures, the average distance of punch travel for the Cu Anode was 
3.8 mm for both battery type A and B.  Battery type A saw approximately 39 N of 
resistance before breaking while type B say 58 N.  The Cu Anode of both types of 
batteries had a stronger breaking resistance and a longer punch travel before breaking 
than the Al cathode.   
 
3.3.3.3 Separator 
Next, the separator material from battery type A and B were testing in the biaxial punch 
fixture.  Five specimens of each type were tested to ensure repeatability of the testing 
method for this material. Figure 33 and Figure 34 show the test results. 
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Figure 34  Force vs Punch Travel Separator Type B 
 
As seen in the above figures, the average punch travel before breaking for the separator 
material was 6 mm for battery type A and 12 mm for battery type B.  The average 
breaking resistance was 22 N for battery type A and 200 N for type B. The separator 
material of both types of batteries breaks, on average, after the punch has traveled further 
than the Cu Anode or Al Cathode. 
 
The uniaxial tests showed that the separator material from the type A battery is highly 
anisotropic, as it was shown to provide very little resistance to strain in the TD.  These 
biaxial tests provide two interesting results in regard to the previous findings.  The first is 
that, in all of the tests, after the punch had traveled over 5mm, the specimen either broke 
or developed small cracks as shown in Figure 35.  The second interesting finding was that 
all of the cracks that developed were along the MD.  This reinforces the idea that the 
material is very weak in the TD. 
 
 
Figure 35 Type A Separator Small Cracks Development 
 
3.3.4 Biaxial Multilayer Tests 
Next, the individual components from battery type B was layered on top of each other as 
it would be in a battery and put through the same type of biaxial punch testing as in the 















Punch Travel (mm) 
Force vs Punch Travel 




anode.  This experiment was repeated 5 times to ensure repeatability of the testing 
method. 
 
The goal of this type of experiment was to see if we could better understand how a 
battery fails by monitoring the load and displacement of the multilayer specimen 
throughout a biaxial punch test.   The results of the test are shown in Figure 36, along 
with arrows indicating the failure of each type of component.  
 
Figure 36 Load vs. Punch Travel 3 Layer Type B 
 
Next, a representative specimen from each component of the single layer tests was 
chosen and their resistive loads were added together at each displacement.  The resultant 
load vs displacement curve was then compared to the multilayer specimen graph as in 
Figure 37  
 
Figure 37  Summed Individual vs 3 Layer Biaxial Punch Tests Type B 
 
As seen in the above figure, when the individual layers are added together, they are 
nearly identical to the 3 layer specimen. There are small differences in the breaking 
resistances most likely due to the increased friction from the interaction between layers in 
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3.3.5 Biaxial Punch Tests with Short Circuit Detection 
The author developed an innovative test to determine the onset of electric short circuit in 
a single multilayer specimen punch test.  The benefit of this approach is that one doesn’t 
need to use an entire battery to test for electric short circuit, and could therefore save 
money in testing.  In the following subsections, the development of this method is 
detailed followed by the results.  All tests described in this section were conducted on 
battery type B. 
3.3.5.1 Component Conductivity Checks  
Initially a series of conductivity checks were accomplished in order to further understand 
the electrical properties of the battery components.   
 
Separator 
As expected, the separator was not conductive to electricity.  Furthermore, the separator 
material provided electrical insulation when an ohmmeter was connected to separate 
pieces of conductive material and the three layers were pressed on to each side of the 
separator.  Figure 38 illustrates the electrical isolation properties of the separator material. 
 
 
Figure 38 Separator Material Provides Electrical Insulation 
 
Copper Anode  
The copper anode consisted of copper metal covered on both sides by thin layer of 
carbon.  Since carbon and copper are both conductive, it was predictable that when an 
ohmmeter is placed on separate ends of the anode there was an electric short circuit.  





Figure 39 Anode Shows Conductivity to Electricity 
 
Aluminum Cathode 
The aluminum cathode consisted of aluminum metal covered on both sides by a thin layer 
of lithium cobalt oxide, or LiCoO2. LiCoO2 is not conductive to electricity, and the layer 
was thick enough such that it provided electrical insulation from the aluminum when 
connected to an ohmmeter. This property of the cathode is demonstrated in Figure 40. 
 
 
Figure 40 Cathode Shows Non-conductivity to Electricity 
 
It is important to note here that if the LiCoO2 coating was forcefully removed before the 
ohmmeter was attached, then the ohmmeter would display a short circuit due to the 
electricity traveling through the aluminum metal. 
 
Multilayer Punch Test Specimen Preparation 
In order to determine when short circuit occurs during a biaxial stress test, it was 
necessary to begin the test with complete electrical insulation between the anode and 
cathode. To achieve electrical insulation in the biaxial stress test fixture, specimen 
templates were developed in a computer aided design (CAD) program called Rhino.  
These templates allowed for electrical isolation in the testing fixture, as well as provide 
test points for connection to the ohmmeter. Figure 41, Figure 42, and Figure 43 illustrate 




Table 1 Legend for CAD Renderings 
Material Color 
Separator Yellow 
Copper Anode Red 
Aluminum Cathode Blue 
 
 
Figure 41 Biaxial Punch Test Specimen Templates 
 
 
Figure 42 Biaxial Punch Test Specimen Templates in Stacked Position 
 
   
 
Figure 43 Biaxial Punch Test Specimen Templates in Stacked Position (Top View) 
 
The templates were cut out using a Universal Laser Systems Versa Laser Cutting 
machine in the MIT Product Design Laboratory.  The laser cutting machine was used to 
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ensure consistency at achieving electrical isolation in the template dimensions throughout 




Figure 44 Separator Specimens Being Laser Cut 
 
The laser cutting machine proved to do a satisfactory job for the biaxial punch tests, 
however it seemed to burn the edges of the material that it was cutting.  This means that 
using a laser cutter for the uniaxial tests would not be recommended due to the 
interference of the burnt edges with the section of material that would be undergoing 
strain. 
3.3.5.2 Biaxial Stress Tests 461-463 
 
The development of the biaxial stress tests with the short circuit analysis was done on test 
numbers 461-463.  It took four tests to develop the method enough so that it provided 
satisfactory results, which are described below along with the setup of the test.  
 
The setup of the biaxial stress tests was conducted as mentioned in the previous section.  
Figure 45 shows the setup in the pre-test phase.  Notice how the ohmmeter read “open” 
when connected to both the anode and cathode, demonstrating that we achieved electrical 





Figure 45 Biaxial Punch Test with Multi-meter 
 
Test 461 was set up using dry specimens.  The author’s prediction was that short circuit 
may not be achieved due to the non-conductive properties of the Al cathode coating.  In 
fact, after the mechanical failure of the separator in this test, there was no short circuit.  
The author could view the anode physically touching the cathode, and still there was no 
short circuit.  The resultant force vs displacement graph of test 461 is shown in Figure 46. 
 
Figure 46 Test 461 Load vs Displacement 
 
Test 462 was set up using wet specimens.  The specimens were soaked in water for a 
period of 2 hours before they were placed in the test fixture.  After the failure of the 
separator, short circuit did not occur for a number of minutes, so the authors returned the 
punch to the starting position.  Once this happened, a short circuit occurred.  The author’s 
theory is that the quick release and rubbing of the punch on the cathode mechanically 
removed enough of the LiCoO2 from the cathode to cause a short circuit. The resultant 





















Figure 47 Test 462 Load vs Displacement 
 
Test 463 was set up using wet specimens as was the case in test 462.  The specimens 
were left in water for a period of 30 minutes.  However, before being placed in the test 
fixture, the LiCoO2 layer was removed from the aluminum cathode.  The purpose of this 
test was to confirm the authors suspicions that the non-conductive properties of the 
LiCoO2 were preventing short circuit.  In the end, 784 seconds into the test, the separator 
had a mechanical failure and at 812 seconds into the test the ohmmeter registered a short 
circuit. The resultant force vs displacement graph of test 461 is shown in Figure 48. 
 
 
Figure 48 Test 463 Load vs Displacement 
 
 Test 464 was conducted in the exact same manner as 463.  The reason for this test 








































a second after the mechanical failure of the separator. The resultant force vs displacement 
graph of test 461 is shown in Figure 49. 
 
 
Figure 49 Test 464 Load vs Displacement 
 
The final method used in experiments 463 and 464 seems to be reliable at showing that a 
short circuit occurs shortly after the mechanical failure of the separator.  The variability 
in time for when the short circuit occurs can be attributed to the difference in failure areas 
of the 3 layers of material.   
 
It is also important to note that in these experiments the separator material can support a 
much higher load than the anode or cathode without failure. The average breaking 
strength for the separator is 4 times the average breaking strength of the copper anode 
and 8 times the average breaking strength of the aluminum cathode.  A graph outlining 
the typical breaking strengths of each material is shown in Figure 36. 
 
 
3.3.6 Biaxial Multilayer Wet vs. Dry Tests 
In an actual Li-ion battery, the component material is soaked in an electrolyte solution. 
An article published in the Journal of Power Sources claims that the differences in 
mechanical properties between a wet Li-ion battery separator and a dry separator are 
large enough to invalidate many results from testing using only dry separator material 
(Sheidaei, et al. 2011).  In order to test this claim, the author acquired the main solution 
in battery electrolyte, Di-Methyl Carbonate (DMC), and soaked three multilayer 
specimen samples of type B in it for a period of twenty minutes.  According to Sheidaei 
et al., twenty minutes is the minimum time needed to achieve full saturation of the 
separator material. 
 
After soaking, the wet specimens were placed in the biaxial punch fixture in the order of, 



















pushed through the multilayer specimens at a rate of 2mm/min.  Additionally, three dry 
multilayer specimens from battery type B were tested for comparison with the wet 
specimens. The results of both the dry and wet specimen tests are shown in  
 
 
Figure 50 Force vs Punch Travel 4 Layer Type B- Wet 
 
 
Figure 51 Force vs Punch Travel 4 Layer Type B- Dry 
As seen in the above tests, both the wet and dry tests provided similar results.  The 
average final breaking punch travel for the first layer of separator was approximately 12.5 
mm for both the wet and dry specimen.  The average force resistance seen at the first 
separator break was approximately 375 N for both specimen types. 
 
These test results do not necessarily disprove the previous findings, however, more 
research is needed to understand the exact mechanical property differences for wet and 
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3.4 Micro-Mechanical Observations through Electron Microscopy 
 
Following the uniaxial and biaxial tensile testing of the battery component material, the 
author then was trained by the Center for Materials Science and Engineering (CMSE) at 
MIT in the use of their FEI/Philips XL30 scanning electron microscope. The author 
utilized this microscope to take pictures of different battery components in order to better 
understand the tests results mentioned in the previous sections.  The following sections 
display the different pictures that the author was able to take along with some interesting 
observations that can be drawn from each picture. 
 
3.4.1 Picture Orientation Nomenclature 
In order to orient the reader for viewing pictures in the following sections, a CAD model 
representing an example sheet of battery component was created.   Figure 52, Figure 53, 
and Figure 54 show the different orientation nomenclature that are maintained throughout 











Figure 53 Battery Component Side View 
 
 
Figure 54 Battery Component Top View 
 
3.4.2 Type A Battery SEM 
The first type of battery looked at using the SEM was the type A battery.  The following 
specimens were cut out with the same type of X-acto knife as was used in the uniaxial 
stress tests.  Once cut, the specimens were secured to an observation disk with tape for 
viewing. Great care was taken during the specimen preparation process to ensure minimal 
damage to the specimen during handling. 
 
3.4.2.1 Uncoated Aluminum 
A sample of uncoated aluminum was obtained from the manufacturer of type A Li-ion 
batteries.  It was confirmed via phone call that this was the same size and makeup of 
material that was used in the production of the Al cathode.  The purpose of this picture 
was to understand how much damage was done to the material in its production.   
 
Figure 55 shows a side view of the uncoated aluminum.  As seen in the picture, there 
seem to be very few manufacturing defects in the material.  These small imperfections 





Figure 55 Uncoated Al Side View 
 
Next the author took a photograph of the uncoated Al from the top as shown in Figure 56.  
The notable feature of this photograph is the damage done to the top edge of the material.  
This is significant to note because this edge was not tampered with by the author, but was 
the edge cut in the manufacturing process. 
   
Figure 56 Uncoated Aluminum Top View  
 
3.4.2.2 Uncoated Copper 
Next a sample of uncoated copper was obtained from the manufacturer of type A Li-ion 
batteries.  It was confirmed via phone call that this was the size and make of material that 
was used in the production of the Cu anode.  The purpose of these type pictures was to 
understand how much damage was done to the material in its production, as well as to 
better understand the effect that the coating process has on the mechanical properties of 
the material.   
 
Figure 57 shows a side view of the uncoated copper.  In the image, it is apparent that 
there are large imperfections in the specimen compared to the Al. These imperfections 






large imperfections could be correlated with the disparity in break extension between 
type A copper specimens. 
 
Figure 57 Uncoated Copper Side View 
 
Next the author took a photograph of the uncoated Cu from the top as shown in Figure 
58.  The notable feature of this photograph is the apparent smooth surface of the 
manufacturer’s cut edge of the specimen.  This edge appears smoother than the edge of 
the aluminum material. 
 
Figure 58 Uncoated Copper Top View 
 
3.4.2.3 Coated Aluminum 
Photographs of the coated Al cathode were taken in Figure 59, Figure 60, Figure 61, and 
Figure 62.  The first two photographs were taken in a side view configuration at varying 
zoom magnitude and show the LiCoO2 coating on the aluminum. It is interesting to see 
how the coating is able to prevent the formation of the Li dendritic structures by allowing 








Figure 59 Coated Aluminum Side View 
 
 
Figure 60 Coated Aluminum Side View  
 
Figure 61 and Figure 62 show top views of the Al cathode.  These views allowed the 
author to visualize the coating attached to the Al sheet.  Additionally, they allowed the 
author to understand the effects of cutting the specimen with an Xacto knife.  As can be 
seen below, the coating is securely attached to the aluminum sheet in the manufacturer’s 
cut edge, but in the Xacto cut edge the separator is beginning to detach from the metal.   
 








Figure 62 Coated Aluminum Top view (corner) 
3.4.2.4 Coated Copper 
Photographs of the coated Cu anode were taken in Figure 63 
Figure 64, and Figure 65.  The first photograph was taken in a side view configuration at 
a zoom of 10 μm and shows the carbon coating on the copper. It is interesting to see how 
the coating is able to prevent the formation of the Li dendritic structures by allowing 
forcing the Li-ions to separate before moving to the Cu metal. 
 
 
Figure 63 Coated Copper Side View 
 
Figure 64 shows a top views of the coated Cu anode. It is interesting to observe that the 
manufacturer’s edge displayed in this photograph appears show unequal thicknesses of 
coating on either side of the copper.  Additionally, as with the Al cathode, the coating 








Figure 64 Coated Copper Top View 
 
Figure 65 shows another top view of the coated Cu anode, however this view provides 
some insight as to what happens when an X-acto knife is used in specimen preparation.  
As seen in the below figure, the edge that was cut using an X-acto knife appears to have 
some separation between the metal and coating.  Additionally, it appears in this photo 
that the edge of the copper is bent along the manufacturer’s edge.  This fact seems to 
explain the appearance of an uneven thickness of coating on either side of the metal sheet 
seen in Figure 64. 
 
Figure 65 Coated Copper Top View (Corner) 
3.4.2.5 Separator 
The separator material of battery type A was photographed using a SEM.  As seen in 
previous sections of this report, this separator material was shown to exhibit severe 
anisotropic properties in that it provided very low mechanical resistance in the TD 
compared to the MD. The author speculated in an earlier section that this separator was 
made using a dry method and was stretched in the TD during the manufacturing 
processes. As seen in Figure 66 and Figure 67, holes in the separator material appear to 
be aligned in a specific direction, indicating that a stretching step was used in the 









material, is seems that the holes in the type A separator are much larger and would allow 
for a more power dense battery. 
 
 
Figure 66 Separator Side View 
 
 
Figure 67 Separator Side View 
3.4.3 Type B Material 
The next type of battery tested was the type B battery.   These specimens were cut out 
with the same X-acto knife as was used in the uniaxial stress tests.  Once cut, the 
specimens were secured to an observation disk with tape for viewing. Great care was 
taken during the specimen preparation process to ensure minimal damage to the specimen 
during handling. 
 
3.4.3.1 Coated Aluminum 
Figure 68 shows a top views of the Al cathode.  This picture shows an edge that would be 







sheet is not visible from this view.  When coated, the metal is surrounded even on the 
edges by the LiCoO2. Also interesting to note is the strait surface along the edge.  When 
comparing this edge with and edge cut out with an X-acto knife, such as in Figure 69, it is 
apparent that the knife has disturbed the metal-coating interface. 
 
 
Figure 68 Coated Aluminum Top View 
 
 
Figure 69 Coated Aluminum Top View (Corner) 
3.4.3.2 Coated Copper 
Next the coated copper anode of the type B material was observed with the SEM.  As 
seen in Figure 70 and Figure 71 this type of coated copper looks very similar to the type 













Figure 71 Coated Copper Top View 
3.4.3.3 Separator 
Figure 72 and Figure 73 show a side view of the separator material. These views are 
interesting beause the holes in this separator material are not visible.  At the same scale, 
and with the same microscope, the separator material from the other type of battery is 
visible.  The author hypothesiszes from the images below, that this material is 
manufactured using a wet process.  This process would allow the separator to have the 





Figure 72 Separator Side View 
 
 
Figure 73 Separator Side View 
 
Further efforts were made to view the holes in this separator material, but all proved 
unsuccessfull.  In future iterations of aquiring SEM photographs for this material, it 
should be coated with some type of conductive spray.  This step would reflect the 
electrons within the microscope back to the scanner and allow the author to view the 
holes.  
3.4.4 Manufacturing Defects Viewed with SEM 
After all of the battery specimens from both types of batteries had been observed in the 
SEM, the author was interested to view the metal sheet that was in the coated aluminum 
cathode.  To remove the coating from the aluminum, the Al cathode was placed in a jar of 
water for 3 minutes.  The specimen was then removed and the coating was removed by 
hand.  It is important to note that no effort was needed to remove the coating and it 
slipped off effortlessly when soaked in the water.  After the coating was removed, the 
specimen was softly patted with a paper towel to remove the water droplets before 
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observation with the SEM.  Figure 74 shows the previously coated specimen as well as an 
uncoated specimen of aluminum. 
 
 
Figure 74 Bare Aluminum (Left) and Previously Coated Aluminum (Right) 
 
As seen in the figure above, the bare aluminum is smooth and has very little 
imperfections.  When shown at the same scale, the previously coated aluminum has large 
imperfections.  These imperfections could be created during the coating process of the Al 
cathode, and could be why the bare aluminum sheet provides more resistance in the 
uniaxial tests than the Al cathode. 
 
3.4.5 Partially Damaged Specimens  
Once the breaking displacements of the type B battery components were known from the 
biaxial tests, four specimens of each electrode and separator were punched to ¼, ½, ¾ 
and full breaking displacement and then released.  The specimens were then placed in a 
SEM and observations were made about their appearance.  All specimens were 
photographed on the opposite side that the force was applied. 
3.4.5.1 Aluminum 
Figure 75 shows the Al cathode from the type B battery after it had been to ¼, ½, ¾ and 
full breaking displacements.  Notice that the ¼ specimen hasn’t developed any cracks in 
the coating yet.  After the specimens were brought to ½ breaking displacement, cracks 
started to develop in the coating.  No trend as to the size of the cracks versus their tested 
displacement could be observed after the cracks started to appear, therefore the resolution 
of the SEM photographs is not maintained the same throughout the images.  The 
appearance of cracks before the expected plastic deformation could help to explain the 
large amount of noise seen in the DIC data for these specimens.  When the DIC data is 
processed, it determines strain through the separation of small points of speckled paint on 
the material.  If the coating of the material is cracking during the tests, then the DIC 





Figure 75 Al Cathode at 1/4 (Top Left), 1/2 (Top Right), 3/4 (Bottom Left), and Full (Bottom Right) 
Breaking Displacements  
 
3.4.5.2 Copper  
Figure 76 shows the Cu anode from the type B battery after it had been to ¼, ½, ¾ and 
full breaking displacements.  Notice that the ¼ and ½ specimen haven’t developed any 
cracks in the coating yet.  After the specimens were brought to 3/4 breaking 
displacement, cracks started to develop in the coating.  No trend as to the size of the 
cracks versus their tested displacement could be observed after the cracks started to 
appear therefore the resolution of the SEM photographs is not maintained the same 
throughout the images. When the DIC data is processed, it determines strain through the 
separation of small points of speckled paint on the material.  If the coating of the material 










Figure 77 shows the separator material from the type B battery after it had been to ¼, ½, 
¾ and full breaking displacements.  The ¼ breaking displacement figure looks similar to 
a non-damaged image of the separator.  After the separator is brought to ½ breaking 
displacement the specimen is seen to have some permanent deformation where the punch 
was pressing.  At ¾ and full breaking displacement the separator has thinned so that the 
specimen holding dish is starting to reflect light through the separator material.  More 
defined SEM photos should be taken of this material in order to understand what is 





Figure 77 Separator Material at 1/4 (Top Left), 1/2 (Top Right), 3/4 (Bottom Left), and Full (Bottom 
Right) Breaking Displacements 
 
4.0 Conclusions 
Lithium-ion battery components have been characterized throughout this work in over 
200 tests using various testing methods.  From these results, the author has made several 
conclusions about the mechanical characteristics of the electrode and separator material 
properties as well as how these components might behave inside of a fully functional 
battery pouch. 
The separator material can sustain a much larger strain before failure than either the Cu 
anode or Al cathode.  This fact has been shown throughout the uniaxial and biaxial tests.  
Also, it has been shown in this research that, in an actual Li-ion battery, once the 
separator fails, an internal short circuit is likely to occur immediately after.  
The separator material from type A and type B are most likely manufactured using 
different methods.  When viewing both materials through a SEM, the holes in the type A 
battery are much larger and more aligned than those of type B.  The uniaxial and biaxial 
tension tests demonstrate the severe anisotropic properties of the type A separator.   
Although it is true that type B separator is anisotropic as well, it is much less anisotropic 
than type A.  
The varying strain rate tests demonstrate how the type B separator material exhibits 
different mechanical properties when the speed of the test is altered.  As the test speed 
increases, so does the separator stress for a given strain.  Now that this property of the 
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separator has been characterized, it can be incorporated into the FEA models in order to 
refine them. 
The uniaxial tests show that the electrode metals are weaker than the uncoated metals of 
the same makeup and size.  When viewed with a SEM, the surface of the Al cathode 
stripped of its coating had large imperfections while the bare Al metal sheet had a smooth 
surface.  This damage most likely occurs during the coating process of manufacturing the 
electrodes.   
Most of the SEM photos show that specimens cut out with an X-acto knife seemed to 
have damage the metal/coating boundary of that specimen.  This could have a minor 
impact on the uniaxial component tests currently being conducted by the ICL, but not to 
the biaxial. 
5.0 Future Work  
These results will be used to further refine and validate a high-level, robust, and accurate 
computational tool to predict strength, energy absorption, and the onset of electric short 
circuit of batteries under real-world crash loading situations. The cell deformation models 
will then be applied to the battery stack and beyond, thereby enabling rationalization of 
greater optimization of the battery pack/vehicle combination with respect to tolerance of 
battery crush intrusion behavior. Besides improving crash performance, the finite element 
models contribute substantially to the reduction of the cost of prototyping and shorten the 
development cycle of new electric vehicles.  
 
There are also more tests that could be run on these same battery components in order to 
refine the FEA model further than this work has accomplished.  True stress vs strain data 
is difficult to capture when testing the electrodes since both the coating and metal move 
differently.  Further work should attempt to understand how the interactions of these 
layers occur.  Once this is understood, true stress vs strain data can be determined using 
existing equipment for both the biaxial and uniaxial tests.  
 
Finally, SEM work should continue if new testing methods are developed or if new 
battery types are acquired by the ICL for testing.  The photographs taken in this work 
were crucial in understanding the uniaxial and biaxial tests, as well as determining what 
types of tests should be conducted in the future.
59 
 
Appendix A List of Acronyms and Abbreviations 
Al  Aluminum 
ASME   American Society of Mechanical Engineers 
CMSE  Center for Material Science and Engineering 
Cu  Copper 
DIC  Digital Image Correlation 
DMC  Di-Methyl Carbonate 
FEM   Finite Element Model 
ICL   Impact and Crashworthiness Laboratory  
kN  Kilonewton 
Li-Ion   Lithium Ion 
Lp  Parallel Length (of test specimens) 
MD   Machine Direction 
MIT  Massachusetts Institute of Technology 
N/mm
2  
Newtons per millimeter squared  
RVE   Representative Volume Element 
SEM   Scanning Electron Microscope 
TD   Transverse Direction 
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